Post-glacial survival, potential migration routes, genetic diversity and phylogeography of the boreal moss species Rhytidium rugosum have been studied. This species is considered to be one of glacial relics of the wide but scattered Holarctic range. According to molecular data sampling from the selected European, American and Asian populations high genetic diversity of this species is present, even if this species is mostly sterile and produced sex organs extremely rarely and spread mostly asexually. Analysing the internal transcribed spacer (ITS) of the nuclear ribosomal DNA, it can be concluded that the populations of this species survived glaciations in various places in Europe and settled and re-settled present range space in various times from various refuges.
Introduction
Climatic and environmental changes during the Pleistocene have had significant impacts upon the habitat and natural range of many species (Hewitt 1993 (Hewitt , 2000 . In temperate latitudes of the Northern Hemisphere southward range shifts and contractions during cold periods into so-called glacial refugia have been followed during warmer interglacials by northerly range shifts and recolonizations. Genomic evidence of quaternary glacial events has been considered by many researchers (eg. Hewitt 1996 Hewitt , 1999 Hewitt , 2001 Taberlet et al. 1998; Avise 2000) . Hewitt (2004a) states four major refugia in Europe (the Iberian, the Appenine and the Balkan peninsulas as well as the Caspian/Caucasus regions).
However, most considerations have been made for higher animals and plants and there is very few approach of the glaciation influence to other groups of organisms. For the bryophytes there have been a few, but very valuable contributions up to date (Shaw & Schneider 1995; Bischler & Boisslelier-Dubayle 1997; Wyatt et al. 1997; Cronberg 2000; Shaw 1995 Shaw , 2000 Shaw , 2001 Chiang & Schaal 1999; McDaniel & Shaw 2003; Skotnicki et al. 2004) Lately, there is increasing interess on genetic diversity of both, wild and cultivated plants and its varieties (eg. Narasimhan et al. 2006; Padmesh et al. 2006; Joshi & Dhawan 2007 , Refoufi & Esnalut 2008 Yao et al. 2008; Cordeiro et al. 2008; Choudhury et al. 2008; ) , but there is very few studies on cryptogams incl. bryophytes (e. g. van der Velde & Bijlsma 2003; Werner & Guerra 2004; Sabovljević et al. 2005 Sabovljević et al. , 2006 Spagnuolo et al. 2007 Spagnuolo et al. , 2008 Grundmann et al. 2008 , 2009 ).
The present study examined patterns of the population genetic variation in the relict but wide distributed moss Rhytidium rugosum (Hedw.) Kindb., and presents the first genetic insights into geographic history of this species. For this purpose nuclear ribosomal internal transcribed spacer regions are used considering its plant phylogeographic study values, although there are some limiting factors such as its multi-copy nature, hybridization, polyploidy and concerted evolution (e.g. Barker et al. 2003) . However, in order to construct gene trees (for phylogeographic use), significant genetic variation must occur at the appropriate level; i.e. among populations (Schaal et al. 1998) . Nuclear ribosomal ITS appears to be particularly useful in bryophyte studies (Shaw 2000; Shaw et al. 2003; Barker et al. 2003) due to its high variation, and especially in species with no or low sex cross-over (meiotic recombination) and no or low spore production.
The pleurocarpous moss Rhytidium rugosum (Hedw.) Kindb. is a monotypic species and genus within the family Rhytidiaceae of the order Hypnales.
Rhytidium rugosum grows in open, dry and preferentially basic habitats. The species has a circumpolar scattered range from the Arctic to the Mediterranean. However, it can be considered as boreo-montane species (Frahm 2005) . In Germany the species is confined to the warmer parts (especially with viniculture) and growing in dry grasslands together with some thermophilous elements, both phanerogams, ferns and bryophytes. A look at the whole range, however, reveals that the species is also found north to the arctic, both in Europe and North America (Alaska, northern Canada, Greenland). Also, it goes up in the mountains to more than 2000 m asl as in the Alps. The reason for its wide temperature range seemed therefore that it is not a species of warm habitats but requires open habitats, either in the Mediterranean, in central Europe or in the arctic. The major problem involved with this species is, that it is found in Europe almost always sterile and the question, how the species was dispersed from its supposed refugia in southern Europe to central Europe after glaciation remains unsolved. Thus the sterility of this species could be a reference to its persistence in central Europe.
Even though it is widespread, Rhytidium rugosum is infrequent, presumably because of a preference for exposed calcareous or mafic bedrock range wide mostly in a cool habitat. The species is rarely found with sporophytes. Perhaps almost total reliance on asexual reproduction explains the strong morphological uniformity seen among specimens of R. rugosum collected from across its broad range. Though, morphological characters indicated not high genetic diversity and easy dispersal which is not know up to date.
Material and methods
Sampling and outgroup choice An attempt was made to sample from wide range of slatternly distributed R. rugosum. Material from 41 populations was acquired for this study. Having in mind clonal spreading of this plant one random patch were treated as population sample. The repetitions of the DNA extraction from the same patch were performed until unique ITS region was obtained. The sampling included 28 European, 5 North American and 8 Asian localities. Related species, Hypnum cupressiforme Hedw. (Acc. No. AY528888/AF403607) and Ctenidium molluscum (Hedw.)
Mitt. (AF230989/AF231004) were chosen as outgroup taxa, and their sequences were taken form the EMBL gene bank. Vouchers are in the University of Bonn Herbarium BONN, unless otherwise indicated.
PCR and DNA sequencing
Prior to DNA extraction the plant material was thoroughly cleaned with distilled water and additionally treated by ultrasonic waves for 2-4 minutes. Success of cleaning was checked by examining the plants under a binocular microscope. Remaining contaminations e.g. with algae and fungi were removed mechanically. Isolation of DNA was carried out following the CTAB technique described in Doyle & Doyle (1990) . PCR amplifications (Biometra TriBlock thermocycler, PTC-100 MJ Research) were performed in 50 µL reactions containing 1.5 U Taq DNA polymerase (Genecraft), 1 mM dNTPs-Mix, nucleotide concentration 0.25 mM each (Pe-qLab), 1× buffer (Genecraft), 2.5 mM MgCl2 (PeqLab) and 40 pmol of each amplification primer. PCR products were purified using the QIAquick gel purification kit (Qiagen). Cycle sequencing reactions (half reactions) were performed using a Biometra TriBlock thermocycler (PTC-100 MJ Research) in combination with the ABI Prism TM Big Dye Terminator Cycle Sequencing Ready Reaction Kit with Amplitaq-DNA polymerase FS (Perkin Elmer), applying a standard protocol for all reactions. Extension products were precipitated with 40 µL 75% (v/v) isopropanol for 15 min at room temperature, centrifuged with 15,000 rpm at 25 • C, and washed with 250 µL of 75% (v/v) isopropanol. These purified products were loaded on an ABI 310 automated sequencer (Perkin Elmer) and electrophoresed. For cycle sequencing 10 µL-reactions were used containing 3 µL of Big Dye Terminator Cycle Sequencing premix. Sequencing reactions were performed with the reverse primers for either ITS1 (ITS-C bryo) and ITS2 (ITS4 bryo) or forward primers for either ITS1 (ITS5 bryo) or ITS2 (ITS-D bryo).
Primers for amplifying and sequencing the ITS region (ITS4-bryo and ITS5-bryo) based upon the primers "ITS4" and "ITS5" respectively, designed and named by White et al.(1990) , were slightly modified with respect to bryophytes (Stech 1999) . The primers ITS-C and ITS-D (Blattner 1999) were modified for this study (ITS-D bryo and ITS-C bryo) and used for amplification of ITS1 and ITS2 and for sequencing reactions (Table 2) . ITS 1 was amplified with primers ITS5-bryo (forward primer) and ITS-C bryo (reverse primer). ITS 2 was amplified with primers ITS-D bryo (forward primer) and ITS4-bryo (reverse primer).
The ITS region was amplified using a protocol consisting of: 5 min. 94 • C, 35 cycles (1 min. 94 • C, 1 min. 48 • C, 1 min. 72 • C, increased by 4 sec. per cycle) and a 5 min. 72 • C extension time, Cycle sequencing settings: 25 cycles (30 sec. 96 • C, 15 sec. 50 • C, 4 min. 60 • C).
ITS1 and ITS2 were separately amplified, because we were able to get a more specific PCR product by this approach rather than amplifying the whole ITS region by the primers ITS4-bryo and ITS5-bryo.
All sequences are deposited in EMBL, accession numbers are listed in Table 1 .
Phylogenetic analyses were performed with PAUP 4.0b10 (Swofford 2002) for MS Windows, to calculate maximum parsimony, maximum likelihood and neighbor joining trees.
Heuristic searches under the parsimony criterion were carried out under the following options: all characters unweighted and unordered, multistate characters interpreted Table 2 . Primer sequences used for amplification and sequencing of the ITS region. Underlined nucleotides represent changes with respect to the original primers of Blattner (1999) .
Primer
Sequence Reference ITS-C bryo GCA ATT CAC ACT ACG TAT CGC Blattner 1999 ITS-D bryo CTC TCA GCA ACG GAT ATC TTG Blattner 1999 ITS4-bryo TCC TCC GCT TAG TGA TAT GC Stech 1999 ITS5-bryo GGA AGG AGA AGT CGT AAC AAG G Stech 1999 as uncertainties, gaps coded as missing data, performing a tree bisection reconnection (TBR) branch swapping, collapse zero branch length branches, MulTrees option in effect, random addition sequence with 1000 replicates.
Furthermore, the data sets were analysed using winPAUP 4.0b10 (Swofford 2002) . For the parsimony ratchet the following settings were employed: 10 random addition cycles of 200 iterations each with a 40 % upweighting of the characters in the PRAP iterations. Heuristic bootstrap searches under parsimony criterion were performed with 1000 replicates, 10 random addition cycles per bootstrap replicate and the same options in effect as the heuristic search for the most parsimonious tree (MPT).
Results
The combined length of the ITS1-5.8S rRNA -ITS2partial 25S rRNA region was 652 bp (Spanish Teruel population) to 709 bp (Mongolia population). The ITS1 region was highly variable with multiple indels and ranged from 222 bp (Serbian Sopocani population) to 270 bp (Spanish Guadalajara population). Length of 5.8S rRNA was invariable (101 bp) in all accessions. The ITS2 length measured 276 bp (Spanish Navarra population) to 339bp (Canadian Alberta population). Within European population ITS2 length goes up to 330 in German Heidelberg population, while it measure over 330 in all NorthAmerican and Asian populations. The alignement of complete regions analysed was 917 positions long due to indels in ITS1 and ITS2 regions. For the tree construction, 847 positions of ITS1 and ITS2 were used, including 19 variable and 51 parsimony informative ones.
All clades are bootstrap supported with values over 81. The similar branching pattern and clade organisation of Parsimony tree has been shown in Fig. 1 .
Acording to the uncorrected P-distance analyses, the distances among selected population of R. rugosum varied from 73.9 (Bulgarian and Dakota population) till 95.2 (Mongolian and Taiwanian population). The highest similarity in Europe according to uncorrected P-distance was between the Spanish-Navarra population and the Western Italian Alps populations (85.7). The lowest similarity in Europe (77.3) is between Spanish Teruel and Russian Karelian populations.
The content of GC in the sequences analysed (ITS1-5.8SrNA-ITS2-partial 25SrRNA) is variable but equilibrated (57.4-61.9%). Interestingly, within the same clade GC content varies less than among all sampled populations.
Discussion
According to molecular data it seems to be that central Spanish populations are long time isolated from other south European populations (Fig. 2) , and that these populations have been established during Pleistocene but did not spread in the Holocene. The northern Spanish populations are related with populations from Pyrenees, adjacent regions and the western European Alps. The Eastern European Alps population has a sister population in the continuing range of the Di-naric Alps. Serbian populations are clustered with Bulgarian population and form the Central Balkan group. The Alps-Pyrenean group form a clade with central Balkan group, with the most derived position suggesting recent event. While the Alps-Pyrenean position is entirely within a Balkan expansion explanation, as has been observed for other species, the link to Serbia requires an unprecedented movement (southwards, after the Balkan expansion either going directly along the opposite route, or going south through Italy). This pattern is disturbing and is the principal anomaly to fitting the phylogeography to glacial movements. One possible explanation might be that the Serbian Rhytidium mosses have a sequence that was already present within the rDNA array during the initial movement into the Balkans that subsequently came to dominant frequencies. However, that would mean that all the other repeat types were also present which needs further investigations and higher resolution of sampling within Serbia. Thus, there is a complex and ineteresting paralogous history of Rhytidium rugosum that cannot be so easily interpreted. Alternatively perhaps there were a genotype jumps during historical expansion.
In France, there are three haplotypes expressing potential migration routes from the Pyrenees and the Balkans. Western German populations are comprising three quite different haplotypes expressing the possibility of west European refugia of R. rugosum. However, due to the high variability and quick evolution in the nrITS region used in these study, absence of sexual reproduction and gene flow, this refugial consideration should be taken carefully since there was the highest sampling resolution in western region of Germany, which makes explanation more difficult.
Generally, there where genomes from two or more refugia come together, their genetic diversity will be increased by the presence of diverged lineages, as seen in hybrid and suture zones. Two populations with no inbreed event, living in the same region in similar habitats, but from different colonizing refugia will possess very different alleles and genomes, while conversely two very distant populations in distinct habitats may have the same refugial genome. This points the importance of population history in the process of post glacial adap-tation, and our understanding of it. So, it can be considered that western Germany has relic populations as well as ones lately settled during their migrations from southern refugia. Also, there is molecular evidence that some parts of Germany were so called northern refugia for some other groups of organisms (eg. Hänfling et al. 2002; Pinceel 2005) . Besides, some regions like Belgian Ardennes, SW England, NE Hungary, SW Ireland, NW Scotland and W Slovakia are known as cryptic refugia (Stewart & Lister 2001) where also fossil evidence suggests survival of some tree and mammal species, so hypothetically place for survival of some moss populations, as well.
The populations from European Russia according to nr ITS all derives from the refugial site situated in the Ural region.
The Balkan populations for many biota provided main genomic source for postglacial colonisations, probably due to the deep canyon passes directed southnorth. Less came from Iberia and Italy probably hindered by the ice-capped and hardly to pass Pyrenees and Alps (Hewitt 2004) .
Many European species phylogeographies are emerging and a considerable number broadly show these distribution patterns and probably followed similar colonization routes despite differences in their niche, mobility and life history. This apparent and remarkable commonality would seem to be a result of colonization following postglacial climate change in Europe's particular geography of southern peninsulas, transverse mountain ranges and northern plains. It demonstrates the explanatory power of combined phylogeography and paleoclimatology.
During the Last Glacial Maximum (23-18 kyr) the ice sheets and permafrost extended towards lower latitudes, so that generally species distributions were compressed toward the equator. Boreal species survived south of the ice in North America and Europe, but large areas of the north eastern Palearctic and Beringia remained ice free and some cold-hardy species appear to have survived here. Temperate species survived further south where habitats occurred to which they were already adapted. In Europe the disjunct southern peninsulas of Iberia, Italy and Balkans were particularly important, while in North America many temperate locations occurred around 40 • N between the East and West coasts (Hewitt 2004b) . All this is in accordance with our data for the moss R. rugosum.
As a consequence, the habitats of many Boreal, Temperate and Tropical species were reduced and fragmented and they survived in refugia; but for some of their habitats expanded, like those in the tundra and savanna. As the climate warmed after the latest glacial maximum and the ice retreated, many boreal and temperate species were able to expand their ranges, as were some tropical species. In some cases the refugial populations died out, but particularly in mountainous regions they could survive by ascending with the climate and their niche, as for example in the Alps, Andes, Appalachians and Arusha mountains. Such refugial regions allow the survival of species through several ice age cycles by ascending and descending to track their habitat, (e.g. Hewitt 2000a,b) . This consideration should always be taken in assumption for the bryophytes which are bio-chemically and physiologically adapted to survive freezing and long time under the ice. So, "nunatak" theory for surviving of some population can not be excluded. Moreover, the molecular data set now gained leaves many space for such consideration in some alpine and some boreal regions.
Distribution dynamics caused be glaciation-interglaciation cycling events modify the genetic content and structure of populations within species, and leave some traces for which we may search. Populations, races and subspecies that have been effectively separated for several glacial cycles will show divergence through the accumulation of neutral and possibly selected DNA changes. The extent of this divergence will be proportional to the time of separation. The haplotype tree or network of an evolving DNA sequence will reflect population expansions and contractions.
The contractions, expansions and distant colonisations involved in these late Quaternary range changes would have influenced the genetic diversity, and should have left some signs. Low haplotype diversity and shallow clades are expected when populations have been severely contracted, and the age of the subsequent expansion may be gauged by mismatch analysis. The structure of haplotype networks and nested clades also provide indications of such events. So, having all this in mind combined with our molecular data it can be said that the moss species R. rugosum survived "bad" periods in various places in Europe and extended its ranges from these places to more than once and that survived populations mixed without exchanging genetical material which is in accordance with it asexual reproduction and no sporophyte productions.
We can conclude that that the frequent major climatic oscillations in the last 2 My caused repeated changes in the ranges of surviving taxa, with extensive extinction and recolonization in higher latitudes and altitudinal shifts and complex refugia nearer the tropics. As a result of these past dynamics, the genetic diversity within species can be highly structured spatially, with a patchwork of genomes divided by often coincident hybrid zones. When asexual spreading occurs this can not be expected in such a high rate.
The phylogeographical analysis of R. rugosum selected populations reveals an intriguing picture of the colonization history of this species in Europe. In Europe, R. rugosum probably survived the glaciation in few glacial refuges in southern Europe as well as in situ in Central Europe. This pattern is already suggested for the moss Homalothecium sericeum (Hedw.) Schimp. in Europe (Hedderson & Nowell 2006) . From these refuges, major lineages re-colonised Europe in separate directions. According to molecular data, the Iberian peninsula was one of the European refuge sites. Second and very important refuge were the Balkans. The genetical structure of the Rhytidium population examined show that the Pyrenees range together with the Western Alps, show high genetical similarity, while the Eastern Alps population is more related with the Dinaric Alps population, which is not so close to Central Balkan populations group. Swiss population is related with the Vosge population, indicating that Nunatak teory should also be considered when explaining present phylogeographgy of the moss R. rugosum in Europe. The south and central France populations makes moleculary related group, the most probably survived the latest Ice Age somewhere there. Hungarian populations makes separate clade which just confirm that there were a central European micro-refuge, also know for some other groups of organisms and humans. The European Russian populations derived from the populations that survived Ice-Age somewhere in the region of Caucasus and space between the Black and the Caspian seas.
Long distance dispersal of this nowadays mostly sterile species should be more detailed studied. It is already stated that long distance dispersal exsists in other mosses (Sabovljević et al. 2005 . Pfeiffer et al. (2006) suggests tree clonal vegetative diaspors in Rhytidium rugosum and clonal rather than generative (sexual) origin of the genetically variable populations they studed. They also state the mixed genetically distinct populations in the same plot of small area of occupancy in Thuringia (E. Germany).
The most impressive and interesting result of genetic differences of Rhytidium population is the one in the western Germany. Many different haplotypes have been recorded there, which suggest that the region beside having refugial characteristic (already known for the other groups of organisms), was also the main setteling route for colonization-decolonization processes in the distribution history of R. rugosum in Europe.
